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Fuel Line from Tank

FIG. 374
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Catalyst Coating
"enters" CbC

When Catalyst coated surface of Rotors enters CbC space-
it "triggers" combustion reaction in HCCi engine

FIG. 394

Catalyst
Coating

FIG. 39B
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Edge
Straight spring energized face seals
FIG. 4 0 A Wedge profile face seal
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FIG. 43C
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FIG. 43E
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Oil Grooves

\ .

Dual Vanes help to seal against housing. Two vanes are in sliding
contact with each other, which could be enhanced by oil film.
Oil is delived through the grooves.

Dual Vanes, as an Apex Seal

FIG. 46
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ISOCHORIC HEAT ADDITION ENGINES AND
METHODS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of, and claims
priority to, U.S. patent application Ser. No. 12/535,529, filed
Aug. 4, 2009 and entitled “Isochoric Heat Addition Engines
and Methods,” and also claims priority to U.S. Provisional
Application No. 61/085,928 filed on Aug. 4, 208, 61/149,889
filed on Feb. 4, 2009, 61/154,539 filed on Feb. 23, 2009,
61/184,627 filed on Jun. 5, 2009, and 61/219,495 filed on Jun.
23, 2009. All of the foregoing applications and patents are
hereby incorporated by reference herein in their entireties.

TECHNICAL FIELD

The present invention relates to internal combustion
engines, and more particularly to internal combustion engines
completing a high efficiency hybrid cycle.

BACKGROUND ART

It is known in the prior art to run internal combustion
engines on cycles such as a Diesel cycle, an Otto cycle, or an
Atkinson cycle. These cycles all have distinct characteristics,
but each has disadvantages that prevent them from achieving
higher levels of efficiency while maintaining high power out-
puts. Increasing the efficiency of engines designed to com-
plete one of these cycles has proven to be challenging. In a
conventional engine part of the challenge stems from the fact
that all the processes such as compression, combustion and
expansion, happen within the same space only at different
times. Additional challenges stem from an inability to create
high compression in the compression chamber and the inabil-
ity to maintain the compressed volume at a constant volume
over an interval sufficient to optimize combustion for various
operating conditions or loads. Furthermore, with the excep-
tion of the Atkinson cycle, which is not completed in a typical
combustion engine, efficiency is loss because the expansion
cycle is prematurely ended before the products of the com-
bustion process are exhausted and replaced with a fresh
intake.

SUMMARY OF THE INVENTION

In a first embodiment, the invention provides a rotary
engine. This embodiment includes a housing having an intake
port and an exhaust port; a rotor rotatably mounted in the
housing; and two gates. Each gate is movably mounted with
respect to the housing, so that each gate is engaged at least
periodically with the rotor, wherein during engagement of at
least one of the two gates with the rotor a volume is main-
tained between a surface of the at least one gate, the rotor, and
the housing. The volume exhibits a cycle during rotation of
the rotor wherein the volume is reduced in a compression
portion of the cycle from a first quantity to a second quantity,
the volume is held substantially constant at the second quan-
tity during a heat addition portion of the cycle, and the volume
is increased in an expansion portion of the cycle to a third
quantity, the third quantity being larger than the first quantity.

In a related embodiment, the gates are slidably mounted
with respect to the housing. Alternatively, the gates are piv-
otally mounted with respect to the housing. In further
embodiment, the pivotally mounted gates form an external
wall of the housing. In another related embodiment, the
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2

engine further includes two cams coupled to the gates, the
cams rotated by a drive system synchronized with the rotation
of the rotor.

In another embodiment, the invention provides a rotary
engine. The embodiment includes a housing having at least
one intake port and at least one exhaust port and a plurality of
rotors rotatably mounted in the housing. Each rotor is coupled
to one of the atleast one intake port or to one of the at least one
exhaust port. The embodiment also includes a plurality of
gates, each gate associated with, and in contact with, one of
the rotors; and at least one combustion chamber. Each of the
at least one combustion chamber is in communication with
each rotor of a pair of the rotors. A first rotor of the pair of
rotors is coupled to one of the at least one intake port and a
second rotor of the pair of rotors is coupled to one of the at
least one exhaust port. The first and second rotors move
synchronously, wherein (i) the first rotor and its gate define in
relation to the housing a compression volume exhibiting a
compression portion of an engine cycle during rotation of the
first rotor, by which a compressed volume of air is periodi-
cally coupled to the first rotor’s corresponding combustion
chamber and (ii) the second rotor and its gate define in rela-
tion to the housing an expansion volume exhibiting an expan-
sion portion of an engine cycle during rotation of the second
rotor, by which a combusted mixture in the first rotor’s com-
bustion chamber is periodically coupled to the expansion
volume, and wherein the compression volume is reduced in
the compression portion of the cycle from a first quantity to a
second quantity, a volume in which combustion occurs is held
substantially constant at the second quantity during a heat
addition portion of the cycle, and the expansion volume is
increased in the expansion portion of the cycle to a third
quantity, the third quantity being larger than the first quantity.

In yet another embodiment there is provided a rotary
engine. The embodiment includes a housing having an intake
port and an exhaust port and an interior surface having a first
arcuate segment characterized by a constant radius of curva-
ture and a second arcuate segment characterized by a shape
different from that of the first segment. The embodiment also
includes a rotor rotatably mounted concentrically within the
first segment of the housing, and disposed concentrically
around a C-cam having a constant radius cylindrical surface
except where it has arecess. The embodiment further includes
at least one compression vane movably mounted in the rotor
for contacting the C-cam and defining a compression volume
with the rotor, the C-cam, and the housing. Similarly, the
embodiment further includes at least one expansion vane
movably mounted in the rotor for contacting the interior sur-
face of the housing and defining an expansion volume with
the rotor and the housing. It also includes a combustion cham-
ber, disposed in the rotor, associated with the at least one
compression vane and the at least one expansion vane,
wherein (i) the compression volume exhibits a compression
cycle during rotation of rotor, by which a compressed volume
of'a working medium is periodically coupled to the combus-
tion chamber and (ii) the expansion volume exhibits an
expansion cycle during rotation of the rotor, by which com-
bustion products in the combustion chamber are periodically
coupled to the expansion volume.

In a related embodiment, the engine further includes a
plurality of compression vanes, a plurality of expansion
vanes, and a plurality of combustion chambers, each of the
combustion chambers being associated with a corresponding
compression vane and a corresponding expansion vane.
Alternatively or in addition, the atleast one compression vane
and the at least one expansion vane are mounted in the rotor
by one of a pivotal mount and a slidable mount. Alternatively
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or in addition, the embodiment further includes a plurality of
C-rings mounted in the rotor to provide sealing between the
rotor and the housing. Optionally, the embodiment further
includes a plurality of grooves formed within the housing for
guiding motion of the vanes.

In another embodiment, the invention provides an internal
combustion engine including a bilateral piston, having an
intake port and an exhaust port, and pair of opposed piston
faces; and a housing, mounted concentrically outside of the
piston and having a pair of opposed internal contact faces.
The housing moves in reciprocal motion relative to the piston,
along a longitudinal axis, each contact face coming into prox-
imity of a corresponding one of the piston faces of the piston
at a limit of the reciprocal motion. The embodiment includes
apiston actuator engaged with the piston relative to the hous-
ing. The piston actuator controls the motion of the housing
with respect to the piston so that a volume is defined between
each piston face and a corresponding one of the contact faces.
The volume exhibits a cycle during reciprocation of the hous-
ing relative to the piston wherein the volume is reduced in a
compression portion of the cycle from a first quantity to a
second quantity, the volume is held substantially constant at
the second quantity during a heat addition portion of the
cycle, and the volume is increased in an expansion portion of
the cycle to a third quantity, the third quantity being larger
than the first quantity.

In a related embodiment, the piston actuator is a cam hav-
ing a shape that provides a dwell to the reciprocating motion
of the housing relative to the piston. Alternatively, the piston
actuator is an electromagnetic coil system. Alternatively or in
addition, the piston and the housing are cylindrically shaped.

Inyet another embodiment, the invention provides an inter-
nal combustion engine and the embodiment includes a cylin-
der having an intake port and an exhaust port and a pair of
pistons disposed for coordinated reciprocating motion in the
cylinder. Each of the pistons has a piston face. The pistons are
coupled to a rotational output in a manner to cause the pistons
to define, within the cylinder and between the piston faces, a
volume. The volume exhibits a cycle during reciprocation of
the pistons wherein the volume is reduced in a compression
portion of the cycle from a first quantity to a second quantity,
the volume is held substantially constant at the second quan-
tity during a heat addition portion of the cycle, and the volume
is increased in an expansion portion of the cycle to a third
quantity, the third quantity being larger than the first quantity.

Inyet another embodiment, the invention provides an inter-
nal combustion engine, and the embodiment includes a hous-
ing having an intake port and an exhaust port; at least one
piston movably mounted with respect to the housing; and
means for moving the piston through a cycle so that a volume
is maintained between the piston and the housing. The vol-
ume exhibits a cycle during movement of the piston wherein
the volume is reduced in a compression portion of the cycle
from a first quantity to a second quantity, the volume is held
substantially constant at the second quantity during a heat
addition portion of the cycle, and the volume is increased in
an expansion portion of the cycle to a third quantity, the third
quantity being larger than the first quantity.

In a further related embodiment, the piston includes a
liquid.

Inyet another embodiment, the invention provides an inter-
nal combustion engine, and the embodiment includes a hous-
ing having an intake port and an exhaust port; and a low
pressure chamber and a high pressure chamber disposed in
the housing. The low pressure chamber is larger than the high
pressure chamber. Each chamber has an epitrochoid-shaped
interior in which is disposed a three-apex rotor, rotationally
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mounted to move eccentrically within the corresponding
chamber, to establish three cavities, which over an engine
cycle, handle the functions of intake, compression, interme-
diate, and expansion, three of such functions being operative
at any given time in each chamber; wherein (i) the cavity
handling compression in the low pressure chamber is coupled
to the cavity handling intake in the high pressure chamber; (ii)
the cavity handling expansion in the high pressure chamber is
coupled to the cavity handling expansion in the low pressure
chamber; and (iii) the cavity in the high pressure chamber
handling the intermediate function handles heat addition so as
to produce combustion therein.

In yet another embodiment, the invention provides a rotary
engine, and the embodiment includes an inner rotor, the inner
rotor having a plurality N of lobes, and a receiving member,
the inner rotor rotationally moving about an axis that is dis-
placed relative to an axis of the receiving member, the receiv-
ing member having N+1 recesses for mating with successive
lobes as the inner rotor rotates. The embodiment also includes
a drive for causing rotation of the inner rotor relative to the
receiving member, so that a volume is defined with respect to
each lobe of the inner rotor and a corresponding recess of the
receiving member. The volume exhibits a cycle wherein the
volume is reduced in a compression portion of the cycle from
a first quantity to a second quantity, the volume is held sub-
stantially constant at the second quantity during a heat addi-
tion portion of the cycle, and the volume is increased in an
expansion portion of the cycle to a third quantity, the third
quantity being larger than the first quantity.

A further related embodiment further includes a housing,
the housing having and intake port and an exhaust port,
wherein the inner rotor rotates in a first direction relative to
the housing and the receiving member rotates in a second
direction relative to the housing. In another related embodi-
ment, the receiving member is part of the housing, the hous-
ing having an intake port and exhaust port.

Another embodiment provides a system for sealing a rotor
of'an internal combustion engine in relation to a housing, the
rotor having an edge and a face. The system of this embodi-
ment includes a groove formed in the face of the rotor, proxi-
mate to the edge and having a radially inward wall and a
radially outward wall, the groove having a bevel located in the
radially outward wall; and a sealing strip disposed in the
grove and having, in contact with the groove, a conformal
surface. The strip is engaged in frictional contact against the
housing, the housing presenting to the sealing strip a substan-
tially flat surface, the friction tending to cause the strip to
rotate slightly with respect to the rotor and to move slightly
axially in a direction out of the groove, so as to reduce any gap
between the strip and the housing and so as to increase sealing
between the rotor and the housing.

In another embodiment, the invention provides a rotary
engine, and the embodiment includes a housing having an
intake port and an exhaust port; a rotor rotatably mounted in
the housing; and an annular segment of a hollow cylinder,
mounted and driven to pivot in oscillatory fashion about a
central axis. The segment has first and second opposed ends
forming a pair of connected gates, each end periodically
contacting the rotor, so as to define a volume within the
housing. The volume exhibits a cycle during rotation of the
rotor wherein, (i) while only the first end contacts the rotor,
the volume is reduced in a compression portion of the cycle
from a first quantity to a second quantity, (ii) the volume is
held substantially constant at the second quantity during a
heat addition portion of the cycle, and (iii) while only the
second end contacts the rotor, the volume is increased in an



US 9,382,851 B2

5

expansion portion of the cycle to a third quantity, the third
quantity being larger than the first quantity.

In another embodiment, the invention provides an internal
combustion engine, and the embodiment includes a housing
having an intake port and an exhaust port; at least three
pistons movably mounted with respect to the housing, each
piston formed of magnetic material; and a series of electro-
magnetic coils disposed around the housing. The electromag-
netic coils are electronically controlled to exert forces on the
pistons so as to implement a cycle wherein a volume is main-
tained between the pistons and the housing. The volume
exhibits a cycle during movement of the pistons wherein the
volume is reduced in a compression portion of the cycle from
a first quantity to a second quantity, the volume is held sub-
stantially constant at the second quantity during a heat addi-
tion portion of the cycle, and the volume is increased in an
expansion portion of the cycle to a third quantity, the third
quantity being larger than the first quantity.

In another embodiment, the present invention provides a
sealing system for a rotary engine, and the embodiment
includes a plurality of grooves formed in an interior surface of
a housing wall, and a spring-loaded sealing strip disposed in
each of the grooves; an orifice in the housing wall located
between the grooves, the orifice coupled to an oil supply; and
afloating cover disposed between the housing wall and a rotor
of'the engine. The floating cover has an inner face adjacent to
a face of the rotor and an outer face adjacent to the interior
surface of the housing wall. The inner face of the floating
cover includes a groove having a diameter conforming gen-
erally to a diameter of the rotor, and a spring-loaded sealing
strip located in the grove of the floating cover. The oil supply
causes pressurized oil to apply an axial force to the outer face
of' the floating cover in opposition to axial forces on the inner
face of the floating cover caused by a working medium of the
engine so as to assist in sealing the engine.

In another embodiment, the invention provides an apex
sealing system in a rotary engine for a first member that is one
of'a gate or a vane in relation to a second member, moving in
relation to the first member and at least periodically in contact
therewith at a contact region of the first member. The apex
sealing system includes a recess formed in the contact region
of the first member; and a roller rotationally mounted in the
recess, so that the roller contacts the second member when the
first member is in contact with the second member.

In another embodiment, the invention provides a sealing
system for sealing, in a rotary engine, an interface between a
first member and second member with respect to which the
first member moves, the first member presenting an edge,
parallel to an axis, and in contact with the second member.
The sealing system of this embodiment includes at least one
recess formed in the edge; and a plurality of axially adjacent
strips, mounted in the at least one recess, each strip being
spring loaded, to maintain the strips in engagement with the
second member.

In an another embodiment, the invention provides a rotary
engine, and the embodiment includes a housing having an
intake port and an exhaust port; a rotor rotatably mounted in
the housing, the rotor having an axial channel formed in an
edge of the rotor, so that the channel lies axially between two
integrally formed end plates; and at least one gate movably
mounted with respect to the housing so as to be engageable
with the axial channel and having a shape conformal with the
shape of the axial channel. During engagement of at least one
gate with the rotor a volume is maintained between a surface
of'the at least one gate, the rotor, and the housing. The volume
exhibits a cycle during rotation of the rotor wherein the vol-
ume is reduced in a compression portion of the cycle from a

35

40

45

55

6

first quantity to a second quantity, the volume is held substan-
tially constant at the second quantity during a heat addition
portion of the cycle, and the volume is increased in an expan-
sion portion of the cycle to a third quantity, the third quantity
being larger than the first quantity.

In yet another embodiment, the invention provides a seal-
ing system for improving sealing in a rotary engine between
a first member that functions as one of a vane or gate, and
capable of motion along an axis, and a second member mov-
ing with respect to the first member, the first member engage-
able against the second member at a limit of motion along the
axis. The sealing system of this embodiment includes a
matched pair of components, the matched pair serving as the
first member. Each one of the matched pair is mounted so as
to be separately movable along the axis of movement of the
first member, so that each component may move differen-
tially relative to the other component to improve sealing at the
limit of motion of the components.

In yet another embodiment, the invention provides a rotor
face seal, and the embodiment includes radial features such as
ridges, dimples, strips radiated in a radial direction and dis-
posed on a flat surface of the rotor; these features reduce
tangential flow of the fluid across the flat face surface of the
rotor.

In further related embodiment, there is provided a method
of'operating an HEHC engine in a manner permitting adjust-
ment of power output, the method of this embodiment
includes, in the heat addition portion of the cycle, adding fuel
to the volume and causing combustion of the fuel, the amount
of fuel added, when fuel is added, being substantially con-
stant over all cycles, so as to produce maximum power over
each cycle when fuel is added; and controlling addition of fuel
to occur only over a sufficient number of cycles per unit of
time in order to produce a desired power output of the engine,
and, for each cycle wherein addition of fuel is withheld,
supplying heat during the heat addition portion of the cycle by
heat transfer from at least one of (i) walls of the engine
directly and (ii) a heat exchanger. In a further related embodi-
ment, the HEHC engine is any of the engine embodiments
described above.

Yet another embodiment provides an improved rotary
internal combustion engine of the homogenous charge com-
pression ignition type, causing combustion of a fuel-air mix-
ture when a state of the mixture is transformed from subcriti-
cal to critical. The improvement includes a catalytic surface
carried on a mechanical substrate, the surface being normally
concealed from the mixture; and a trigger for initiating com-
bustion by causing the catalytic surface to be exposed to the
mixture when the mixture is placed under minimum volume
conditions. In a further related embodiment, the trigger
includes a catalytic surface placed directly on a rotor of the
engine, in such a manner that it is exposed each time the rotor
reaches a specific angular extent in the cycle. Alternatively or
in addition, the trigger includes a catalytic surface placed in a
location of a housing of the engine, in such a manner that it is
exposed each time the rotor reaches a specific angular extent
in the cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the invention will be more
readily understood by reference to the following detailed
description, taken with reference to the accompanying draw-
ings, in which:

FIGS. 1A and 1B are graphs illustrating a high efficiency
hybrid cycle in accordance with an embodiment of the present
invention in comparison to an Otto and Diesel cycle.
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FIG. 2 is a graph illustrating a high efficiency hybrid cycle
implementing a scavenging method in accordance with an
embodiment of the present invention.

FIG. 3a-3c illustrate a rotary engine with 2 straight gates in
accordance with an embodiment of the present invention.

FIGS. 4A-4C and 5A-5C illustrate the engine of FIGS.
3A-3C during different portions of the high efficiency hybrid
cycle.

FIGS. 6 A-6C illustrate a rotary engine with 2 straight gates
in accordance with another embodiment of the present inven-
tion.

FIGS.7A-7D illustrate a rotary engine with 2 straight gates
in accordance with another embodiment of the present inven-
tion.

FIGS. 8A-8B illustrate a rotary engine with 2 pivoting
gates in accordance with an embodiment ofthe present inven-
tion.

FIGS. 9A-9C illustrate the engine embodiment of FIGS.
8A-8B during different portions of the high efficiency hybrid
cycle.

FIGS. 10A-10C illustrate a rotary engine with 2 pivoting
gates that form a part of the housing in accordance with
another embodiment of the present invention.

FIGS. 11A-11B illustrate a rotary engine with 2 pivoting
gates that may be used with a cycle incorporating the scav-
enging process in accordance with an embodiment of the
present invention.

FIGS. 12A-12G illustrate a rotary engine with a rotor and
a pivoting gate in accordance with an embodiment of the
present invention.

FIG. 13 shows an engine with 2 rotors and 2 gates in
accordance with an embodiment of the present invention.

FIGS. 14A-14B show an engine with a plurality of rotors
and gates in accordance with an embodiment of the present
invention.

FIG. 15 shows an embodiment of the present invention
having two rotors with multiple gates.

FIGS. 16A-16F show the operational sequence of an
engine depicted in FIG. 15.

FIGS. 17A-17C show an exploded view of an engine with
multiple sets of pivoting gates in accordance with an embodi-
ment of the present invention.

FIGS. 18A and 18B show a perspective view, respectively,
and cross sectional view of the engine depicted in FIGS.
17A-17C.

FIGS. 19A-19D show the engine embodiment of FIG. 17
during different portions of the high efficiency hybrid cycle.

FIG. 20a-20c¢ provides magnified details of elements of the
engine demonstrated in FIG. 15.

FIG. 21 shows an engine having a single rotor and multiple
vanes.

FIGS.22A-22C illustrate a bilateral piston engine in accor-
dance with an embodiment of the present invention.

FIG. 23 illustrates a bilateral piston engine in accordance
with another embodiment of the present invention.

FIGS. 24 A-24B illustrate a multiple piston engine in accor-
dance with another embodiment of the present invention.

FIGS. 25A-25C illustrate an engine with a gate drive and
multiple pistons in accordance with an embodiment of the
present invention.

FIGS. 26 A-26B illustrate an engine having dual gates and
multiple pistons in accordance with an embodiment of the
present invention.

FIGS. 27A-27B illustrate a dual piston eccentric drive
engine in accordance with an embodiment of the present
invention.
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FIGS. 28-32 illustrates an opposed piston engine in accor-
dance with an embodiment of the present invention.

FIG. 33 illustrates a dual rotor internal combustion engine
in accordance with an embodiment of the present invention.

FIGS. 34A-34e illustrate the dual rotor engine of FIG. 30
throughout difterent portions of a cycle.

FIG. 35 illustrates another dual rotor engine in accordance
with an embodiment of the present invention.

FIGS. 36A-36C illustrate an eccentric single vane engine
in accordance with an embodiment of the present invention.

FIG. 37A-37B illustrate a fuel delivery system in accor-
dance with embodiments of the present invention.

FIGS. 38A-38C illustrate a catalyst used as a homogenous
charge compression ignition trigger (HCCI) in accordance
with an embodiment of the present invention.

FIGS. 39A-39B illustrate a catalyst coated rotor for use
with an embodiment of the present invention.

FIGS. 40A-40E illustrate various face seals in accordance
with embodiments of the present invention.

FIGS. 41A-41B illustrate a floating cover seal design in
accordance with an embodiment of the present invention.

FIGS. 42A-42C depict an integrated rotor engine in accor-
dance with embodiments of the present invention.

FIG. 43A-43E show various rotor sealing mechanisms in
accordance with embodiments of the present invention.

FIGS. 44, 44A and 44B shows roller and apex seals for use
with embodiments of the present invention.

FIGS. 45A-45C illustrate split faces seals in accordance
with embodiments of the present invention.

FIG. 46 illustrates dual vane sealing in accordance with an
embodiment of the present invention.

FIGS. 47A-47E illustrate face and apex seals in accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Definitions

As used in this description and the accompanying claims,
the following terms shall have the meanings indicated, unless
the context otherwise requires:

A “rotor” is a structure, rotatably mounted in a housing that
transmits torque, developed as a result of combustion, to a
mechanical output.

A “gate” is a movable structure, for partitioning a volume,
that is periodically or continuously in contact with a member,
such as a rotor, that is moving with respect thereto. A gate may
move with a rotating or translating motion, and such motion
need not substantially change the volume of a relevant cavity.

A “vane” is a movable structure, motion of which causes
displacement of a volume, that also has a partitioning func-
tion and is periodically or continuously in contact with a
member, such as a rotor or a housing that is moving with
respect thereto.

A “piston” is a mass moving linearly with respect to a
housing in which it is located and that transmits force relative
to the housing, developed as a result of combustion, directly
or indirectly to a mechanical output. “Linear” motion here
includes motion along a path that may be straight or curved.

A “sealing system” is an arrangement for reducing a gap
between two mating parts that are movably mounted with
respectto one another. Such a gap may be attributable, among
other things, to limitations of manufacturing tolerances as
well as to differences in thermal expansion experienced by
the mating parts.
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A prismatic surface is a surface generated by all the lines
that are parallel to a given line and intersect a broken line that
is not in the same plane as the given line. The broken line is the
directrix of the surface; the parallel lines are its generators (or
elements). If the broken line is close (i.e. a closed polygon),
then the surface is a closed prismatic surface.

For the sake of the foregoing discussion the following
terms with their corresponding definitions will be used:

A/F—Air/Fuel

Air Knife—an air blown by the fan through the scavenging
chamber or through inlet and outlet ports, located opposite to
each other or under some angle to each other.

Chambers:

a. CbC—Combustion Chamber

b. CmC—Compression Chamber

c. EpC—Expansion Chamber

d. EhC—Exhaust Chamber

Chambers—the Space between various components of the
engine filled with Working Medium

CV CbC—Constant Volume Combustion Chamber

EGR—Exhaust Gas Recirculation

Gates:

a. Compressor Gate; also called C-Gate.

b. Expander Gate; also called E-Gate

HEHC—High Efficiency Hybrid Cycle

HCHC—Homogeneous Charge Hybrid Cycle

HEHC-S—High Efficiency Hybrid Cycle (in Scavenging
mode)

HCHC-S—Homogeneous Charge Hybrid Cycle (in Scav-
enging mode)

Heat Addition—heat may be added by combusting the fuel
in the air or by a heat exchange process with a heat exchanger,
shown by way of example as item H.E. in FIG. 4C, located
within the constant volume combustion chamber or just with
the walls of the engine (primarily combustion chamber walls)

FI—Fuel Injector

VebC—Combustion Chamber Volume

WM—Working Medium—Air or Air/Fuel Mixture or
combusted gasses

In this application, several different engine embodiments
are disclosed. These engine embodiments describe engines
which are capable of operating at very high maximum effi-
ciency (~57% or above), very high maximum average effi-
ciency (above ~50%), very high power density and specific
power, low vibration levels, low sound levels, and low emis-
sions levels.

To understand the design intent and for completeness sake,
we will reiterate the basic thermodynamic principles behind
the high efficiency hybrid cycle, which are illustrated in
FIGS. 1A and 1B. The basic premise of the cycle show in
figures comprises the following cycle portions: (1) compres-
sion of air only to high compression ratio (similar to Diesel
cycle engines), (2) heat addition (by combustion of fuel or
externally) at constant volume conditions (similar to Otto
cycle engines), and (3) expansion to atmospheric pressure
(similar to Atkinson or Miller cycles engines). Because this
engine completes a cycle wherein heat is added at a constant
volume, during which the pressure increases the engine may
be characterized as an isochoric heat addition engine.

An engine capable of operating in a regime of isochoric
heat addition and over-expansion consists of stationary and
movable parts. Stationary parts are sometimes herein referred
to as the housing. Movable parts may include one or more of
the following structures: rotors, pistons, gates, and vanes. The
movable parts generally separate a cavity during at least some
portion of a cycle, wherein a cavity includes a void formed
between a stationary housing and movable components. A
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cavity is filled with a working medium during the cycle. A
change in the cavity volume during the operation of the
engine is the manifestation of the compression or expansion
of the working medium.

During operation of an engine in accordance with an
embodiment of the present invention, a cavity formed
between the stationary housing and a moving component is
filled with a working medium. This working medium (WM)
undergoes cyclical transformations during operation of the
engine. In a first stage the cavity is contracted from its initial
volume V, to a minimal volume V,. During this step the
cavity will be called the compression chamber (CmC), having
an initial volume V. In a second stage the cavity remains
substantially constant at V, for a finite time period of time.
During this stage the cavity will be called the combustion
chamber (CbC), having a constant volume V. Subsequently
the cavity will expand to a volume V,, so that V,zV =V,
During this stage the cavity will be called an expansion cham-
ber (EpC), having a final volume V.

Heat could be added to the working medium while the
volume of this cavity is at V2=<V<V,. Work on the working
medium is exerted during the phase of operation when the
volume is contracted from V, to V,. No work is exerted or
extracted on or from the working medium, except perhaps to
overcome small frictional losses, during the phase of opera-
tion when the volume of the cavity remains substantially
constant at V,. Work is extracted from the working medium
during the phase of operation when the volume is expanding
fromV, to V,.

The net work produced by the cycle is the difference
between extracted work and exerted work, also taking into
account the losses due to the friction in the system. If heat is
added by means of combusting fuel, the engine constitutes an
internal combustion engine. If heat is added by external
means, such as via heat pipe or directly heating the housing
walls, etc., the engine is an external combustion engine.

In this application several embodiments are disclosed that
include various housing configurations and different movable
parts. The embodiments disclosed are all capable of execut-
ing the high efficiency hybrid cycle disclosed herein in addi-
tion to other standard cycles, such as Diesel, Otto, HCCI, etc.

Various engines embodiments of the present invention will
operate in a conventional Otto cycle with spark ignition, in a
conventional Diesel mode with fuel injection, or in HCCI
mode.

In analogy with conventional piston engines the high effi-
ciency hybrid cycle (HEHC) and the homogeneous charge
hybrid cycle (HCHC) may be called 4-stroke cycles as they
have 4 distinctive strokes: Intake, Compression, Combustion
& Expansion, and Exhaust. A scavenging variant of either of
these cycles is equivalent to a 2-stroke engine cycle wherein,
at the end of expansion, the cavity is scavenged by the blow-
by ambient air, which removes combusted gasses and refills
the cavity with a fresh air or an air/fuel mixture charge.

As indicated, the HEHC pressure-volume diagram is
shown in FIGS. 1A, 1B, and 2. In the initial state, only the air
is compressed, like in Diesel cycle, during the compression
stroke. Fuel may be added close to the end of compression
stroke or just after the compression stroke. Since air is already
compressed at this point to a relatively high pressure (~55
bar), high injection pressures, similar to those used in modern
diesel engines are required to achieve full combustion and
clean exhausts. The operation is akin to Diesel engines except
for the fact that combustion occurs at the constant volume, as
achieved in Otto cycle engines that are spark ignited. How-
ever, unlike spark ignition engines, the combustion occurs
due to fuel injection into a very hot compressed air. Having
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said this, however, a spark plug may be used as well. Expan-
sion occurs in this cycle to ambient pressures, similar to
Atkinson cycle.

Partial load operation may be accomplished by fuel modu-
lation, as in Diesel engines or by skipping some of the injec-
tions all together, as it will be described below.

Due to similarities of this cycle to Diesel, Otto and Atkin-
son, this cycle is referred to as a “Hybrid Cycle”. It may also
possible to inject water during combustion and/or expansion
strokes as this may improve the efficiency of the engine, while
providing for cooling from within the engine.

If leakage between moving components and housing is
kept at low level, the maximum efficiency of this cycle is
expected to be about 57%, while average efficiency is
expected to be above 50%.

From a design point of view, implementation of such a
cycle will require existence of constant volume combustion
chamber over a finite time period and expansion chamber
volume larger than intake volume. Additionally, intake and
exhaust strokes may be eliminated if scavenging (air blow
trough during intake/exhaust) is used as shown in FIG. 2

The homogeneous charge hybrid cycle (HCHC) is a modi-
fication ofthe HEHC, in which a lean air/fuel mixture, formed
during intake and/or compression strokes, is being com-
pressed as opposed to the compression of only air. When the
mixture reaches temperatures sufficient for auto-ignition at
the end of compression stroke, a spontaneous combustion
occurs. Compared to HEHC, the HCHC is characterized by
slightly lower compression ratio and, therefore, exhibits a
lower efficiency.

The HCHC cycle may also be compared with a conven-
tional Homogeneous Charge Compression Ignition (HCCI),
which will occur when temperature of air/fuel mixture
reaches the auto-ignition point, which, if engine is properly
designed, should occur exactly at, or just prior to, the end of
compression. The ignition in an HCCI cycle is almost instan-
taneous throughout the whole volume occurring without
flame propagation or shock wave and at lower temperatures
(which is a good thing for emissions and engine integrity) but,
albeit, at a lower pressures, which leads to lower efficiencies
lower than those achieved during an HEHC.

For a given air inlet temperature, pressure, the amount of
Exhaust Gas Recirculation (EGR), air humidity, etc. there
exists a critical ratio of air to fuel (lambda) under which
spontaneous combustion will occur when temperature of
compressing mixture reaches the auto-ignition point at the
end of compression. For the sake of further discussion, we
define this set of conditions as “critical conditions”. If for
example, the inlet temperature is too cold, and all other
parameters are the same, then when air/fuel mixture reaches
the target compression ratio, no combustion will occur. Con-
versely, if all the parameters are critical, but air/fuel mixture
is too lean, then no combustion will occur either. Such con-
ditions may be referred to as “sub-critical”.

In conventional HCCI engines, a very narrow time window
exists when auto-ignition may occur and this presents very
challenging problems for engine control during part load
conditions. That is why conventional HCCI engines are still
in research stage for the last 25 years. In Otto engines the
sparks play a role of combustion trigger. In Diesel engines,
the start of the fuel injection is a trigger. In classical HCCI,
there exists no trigger, which is why the combustion process
is very difficult to control. If ignition occurs before top dead
center (TDC), the combustion gas forces acting upon full face
of' the piston will be directed against the motion of the piston
and will not only slow the engine and greatly reduce the
efficiency, but will eventually destroy the engine. If ignition
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occurs after TDC the efficiency will be significantly reduced.
The longer the delay, the lower the efficiency.

Since combustion is almost instantaneous, the constant
volume combustion chamber is not strictly speaking required
from efficiency standpoint, but is critical from the control
point of view as it creates rather large window for combustion
to occur. The HCHC cycle is superior to the conventional
HCCI cycle due to several reasons. One reason includes the
fact that it has a larger expansion volume than intake volume,
which leads to a higher efficiency. The fuel in both HCCI and
HCHC engines may be injected together with air into the
intake port by low-pressure fuel injector or carburetor. In
addition to this, a second fuel injection could be performed
right before the auto-ignition conditions are reached. This
additional injection will have only minor effect on autoigni-
tion timing due to combustion delay, but would allow control
at part-load conditions and result in increase in efficiency. The
additional fuel will not have sufficient time to undergo
through homogenization process and this fuel will represent
small clusters suspended in or moving through the original
homogeneous air/fuel mix. The original mix or slightly sub-
critical mix will auto-ignite as in the case of HCCI above,
while additional fuel will quickly evaporate and provide for
secondary combustion. The degree of “sub-criticality” for the
most efficient burn has to be determined analytically and
experimentally. By the way, such an additional fuel injection
is also possible in conventional HCCI. While it is possible to
use both the carburetor and fuel injector (FI), since both of
them provide very similar functionality, it is probable that
only one will be used in the engine. To control the part-load
operation by shutting off the fuel supply, it would be prefer-
able to use F1. If carburetor is being used, it should be run at
full throttle to avoid throttling losses, so only needle valve
supplying the specific amount of fuel might need to be con-
trolled.

Having a constant volume combustion chamber (CV CbC)
allows large operating time window for auto ignition to occur.
This is due to the fact that auto ignition can occur any time
after CV CbC is created (which is equivalent to TDC point of
conventional engines).

The timing of ignition event in some embodiments, while
important is not critical: if auto-ignition occurs slightly
before the end of compression stroke (a point that could be
compared with TDC), the differential force on the moving
element (i.e. Rotor) of the engine will be very small, due to the
small size of the CbC “throat” or exit cross section. Any
occurrence of auto-ignition after the “TDC” is ok as well
since it will occur within the CV CbC, i.e. at the time when
forces acting upon the moving element (i.e. Rotor) will act in
radial direction only and will be fully absorbed by the bear-
ings—i.e. they will not impede the motion.

It is also a relatively easy to introduce a “trigger” into the
system, due to existence of CV CbC, by exposing the CbC to
catalytic substance. The combustion will occur due to stimu-
lated ignition which could be accomplished by various means
described in patent application PCT/US07/74980, incorpo-
rated herein by reference. One simple way of accomplishing
this is by the deposition of catalyst, such as Nickel, onto one
of the surfaces that makes CV CbC in such a way that when
chamber containing the compressed air/fuel mixture in
slightly “sub-critical” condition enters the segment contain-
ing the catalyst—reaction will be triggered by such a catalyst.
This catalytic segment may be extended into the expansion
zone if burning is expected to continue in this zone (though
this is undesirable from efficiency standpoint), see FIGS.
39A-39B.
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The term “Scavenged” is borrowed herein from conven-
tional 2-cycle compression or spark ignition engines: the air is
blown through the cylinder at the end of expansion stroke and
combusted air is replaced with a fresh charge. The same
notion may be applied to engine operating under the HEHC or
HCHC, if we will blow the air trough the chamber at the end
of'expansion stroke. Thus, the exhaust chamber and the intake
chamber can be replaced by scavenging chamber.

Scavenging may be accomplished by an “Air Knife”—an
air blown by the fan through the scavenging chamber or
through inlet and outlet ports, located opposite to each other
or under some angle to each other.

The benefit of this mode is increase in power density, as one
of'the chambers is eliminated. This may be especially benefi-
cial if external engine cooling is required as scavenging may
be combined with cooling.

The deficiency is slight reduction in efficiency as energy is
required to scavenge the air.

A qualitative comparison of theoretical efficiencies is
shown in FIG. 1a). A quantitative comparison of ideal cycles,
which calculates the maximal theoretical efficiency, is shown
in FIG. 1b), which was computed on the basis of below
expressions for HEHC, Diesel and Otto Cycles:

,-T rg—rc
HEHC
=1-k =1-k
s To—T, r
"
{;liml=1_(£)T4_Tl _ _(l)rE —rc
k/Ts -1 k/rgt —rgt
Orrozl_T4_T1=1_L
" L-T, et

Here, k=1.3; r —compression ratio; r,—expansion ratio;
T, through T, are temperatures of WM through various points
in a cycle. See also points defined in a FIG. 1a.

Operation at full load is transparent and the maximal
amount of fuel is injected by one of the means described
above. To operate at part load, especially with heavy fuels like
Diesel, JPS, etc., a number of options are available. The
amount of fuel may be modulated as in as in conventional
engines. The engine may be run lean, i.e. inject less then
stoichiometric amount of fuel and run in HCHC mode. The
amount of EGR may be varied, as in conventional HCCI
engines. Alternatively, and preferably, the engine may be run
in “digital mode”—by running every cycle at full load, but
skipping cycles once and a while. For example, skipping three
out of each ten cycles would enable us to run under ~70% of
full power; skipping eight out of each ten cycles will enable us
to run under ~20% loan, etc.

The cycle skipping can be implemented simply by cutting
off the fuel supply. In this case, the air compressed in the
Compressor will then expand in the Expander. This will not
only occur with minimal loss in energy, as working media
(air, in this case) acts as an air spring, but some energy
recovery is possible, as heat is transferred from the Expand-
er’s walls to the air, thereby cooling the engine internally,
while increasing the temperature and, therefore, pressure of
the expanding gases thereby recuperating some of these cool-
ing losses. This is in contrast with conventional engines,
which require external cooling (either air or coolant), where
the losses are irrecoverable.

To implement such a mode of operation, the engine is
equipped with electronically controlled valves and a check
valve, which prevents pressure drop below the ambient dur-
ing the “off” cycles. A flywheel is employed to smooth torque
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fluctuations or, alternatively, multi-cylinder configuration is
used instead of or in addition to flywheel.

If the engine is equipped with an external tank and
clutches, the compressor could be disconnected for duration
of increased power demand, thus allowing about 50% power
boost, since the engine will not spend this amount of energy
for the compression of air. Alternatively, if used in a car, the
braking energy could be partially recovered by disconnecting
the expander and applying car momentum to turn the wheels,
which in turn will drive the compressor, which in turn will
compress the air and push it into an external air tank.

The embodiments described hereafter are embodiments
which may be used to implement the cycles provided as a part
of the present invention. Throughout this document, the ref-
erences will be made to automobile engine. It should be
understood, that the engines provided should be equally
applicable for any other applications as well.

One embodiment of the present invention is provided as a
rotor and straight gate embodiment. The rotor & two straight
gates embodiment has a cavity, formed by housing (which
includes cover(s)), rotor and gate(s), which undergoes cycli-
cal transformation according to generalized description
above. This engine is shown in FIGS. 3 A through 7D.

FIGS. 3A-3C give both general and exploded views of the
engine, whose gates, in this case, are controlled via external
cams. It also provides the nomenclature for the main compo-
nents of the engine, namely a housing and cover plate with an
intake and exhaust ports, all of which may be called a housing
in some embodiments, a rotor, two gates, including a c-gate or
compressor gate and an e-gate or an expander gate and an
optional s-gate or separator gate.

A rotor, in a course of its clock-wise rotation, together with
a housing, cover and gates forms variable volume cavities,
which we will call now chambers, as shown in FIGS. 4A-4C
and include a compression chamber (CmP), a intake Chamber
(InC), a combustion chamber (CbC), an expansion Chamber
(EpC), and an exhaust chamber (EhC). Note that not all of the
chambers will exists at the same time, as is evident from
FIGS. 4A-4C and 5A-5C. All chambers except the CbC have
variable volumes.

To facilitate the foregoing discussion and referencing FI1G.
2 for cycle description and FIGS. 5A-5C and 6A-6C for
corresponding operational sequence, we define the following
terms: V, is the CmC intake air volume (See point 1 on
PV-diagram, FIG. 1A), a maximum volume that this chamber
can assume during the intake stroke; V,-CbC compressed air
volume (See point 2 on PV-diagram FIG. 1A; V,=~12x to
25xV,; this is a constant volume CbC.); V5 is V, less the
volume at the end of combustion (See point 3 on PV-diagram,
FIG. 1A); V, is the EpC exhaust volume of combusted gasses
at point 4, which corresponds to P,=1 bar. (See point 4 on
PV-diagram, FIG. 1A)

Operational sequence of the Engine is shown in FIG. 5 a)
through ¢) and described in the table below.

Intake = Compression Combustion Expansion Exhaust

FIG. 5A Begins
FIG. 5B
FIG. 5C

In Progress
In Progress Begins
In In Progress

Progress

Gates in an embodiment of the present invention are driven
and controlled by one of the following means: external cam(s)
with springs as shown in FIGS. 3A-6C (this is very similar to
poppet valve actuation in modern engines), and desmodromic
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cams, when two cams control the position of the gate (again
this is similar to poppet valve actuation in modern engines,
which employ desmodromic cams). Sometimes, the desmo-
dromic cams are known under the name “conjugate cams”.

Gates also may also be driven by the Rotor itself, which in
this case acts as a cam as shown in FIGS. 6 A-6C. The oppos-
ing motion could be provided either by external cam, or by the
return spring, both conventional or air spring. The strategi-
cally located tabs on the gate allow gasses to escape under the
gate, when such a gate is not participating in a corresponding
stroke. For example, the compressed gas would go under the
e-gate, which is not part of a compression cycle and is there
just “for a ride”. Similarly, during the expansion stroke, the
expanding gasses escape under c-gate, which does not par-
ticipates in the expansion stroke.

Direct electro-mechanical, pneumatic, hydraulic or any
other suitable drives (not shown) are also possible. Besides
trivial modifications, for those proficient in the art, which
involve changes in gate geometry, pivoting points, wall’s
geometry and angles (for example a conical Rotor and corre-
sponding housing walls and gates, etc.), there are numerous
modifications that may enhance the design and operation of
the engine, especially as far as sealability of the engine is
concerned.

Some of these variations include various configurations of
gates such as oval gates shown in FIGS. 3A-3C, which may
offer enhanced sealability, as conventional high-temperature
polymer o-rings could be used on oval shapes. A rectangular,
triangular, curved segment, etc. cross sections may be used as
well. Gates may also be guided by the housing and/or rollers
(see FIGS. 6 A-6C and 7A-7D). Also, various features on the
gate may be useful: i.e. alip on the gate is used to enhance the
sealing (due to WM pressure acting on this lip) as well as the
stop to limit the retraction of the gate as shown in FIGS.
38A-38C.

Gates may also be guided by the rollers. The gates may be
controlled by a stepper motor, a linear motor, an electromag-
netic system, a pneumatic system, a hydraulic system or any
other suitable means for control. This allows greater flexibil-
ity in operating cycles as well and it may also provide a low
constant frictional force and tight sealing between the gates
and the rotor.

Combustion chamber may be sectioned in an axial direc-
tion. Two, three or more sections may provide separate F1 and
thus provide additional control for part-load operation. For
example, if CbC is portioned into 3 chambers and fuel is
added only to 2 out of 3 sub-chambers—the power generated
will be %4 of full power. Additional important benefit of this is
a potential reduction of NOx formation since relatively cold
air will be combined with hot combusted gasses.

A position of intake port may be variable with respect to
Rotor location. This will effectively allow varying V, and,
therefore, the compression ratio. Alternatively, variable sized
CbC (for example by using retractable plunger) may be used
as this would enable variable compression ratios, without
changing the intake volume V. Both of these options may be
used when greater flexibility in intake volume V| and com-
pression ratio is required.

Nitrogen/Oxygen membrane or Oxygen concentrators
may be installed at the intake port of the engine, limiting the
amount of N, from the air and, therefore the amount of NO,
formation. See also U.S. Pat. No. 6,640,794,
(http://www.csiro.au/hannover/2001/catalog/projects/ce-

ramic.html,
http://www.csiro.au/solutions/psw3.html)

For instances where gates are spring-loaded and motion is
controlled by the gas pressure, it is important to assure a small
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but constant force excreted from the blade on the Rotor (or
vice versa). To enable this it is possible to have a cam operated
spring, such that the force excreted by the spring—F=k x,
where k is a spring const and x is deflection, is provided with
more or less constant deflection. I.e. one end of the spring
should be fixed on the movable gate, while other end should
be supported either directly by cam or by surface that is
supported by cam. The cam would ensure that the deflection
X remains approximately constant.

The gate, rotor (and Vane, as appropriate) may be split in
the middle (perpendicular to axes) and C-Seal/Spring or gas-
filled seal/spring could be placed between two halves, which
would force the flat faces of the gates/rotors/vanes to serve as
face seals. An alternative to splitting gates/rotors/vanes is to
split the outer surfaces of these elements that would serve as
a seal themselves. This is shown in FIGS. 45A-45C for the
rotor and FIGS. 43A-43E for the gate. The same concept
could be applied to vanes. The edges may be hardened, while
the remaining flat surface could be slightly recessed to pre-
vent interaction with flat surfaces of the housing, which might
break the seal. The recessed volume may also carry some
oil/grease to aid in sealing and lubrication.

The holes in the Rotor are to lighten the Rotor and to allow
the gas to escape from under the recess to prevent “floating”.

Both gates are driven by the rotor/cam and back-pressured
by the air spring located above the gates. In fully extracted
position (FIGS. 6 A-6C) there is little pressure from the air-
spring onto the gates. In fully inserted position the pressure on
the gates is high. The oil in the air springs cavities seals the air
spring and lubricates the gates. Oil is also supplied to the
gate’s rollers to reduce friction and to form the hydrodynamic
bearing. The tails on the gates are to enable support the gates
by the rotor/cam and to allow the gasses to get into or from the
CbC. Recesses in the housing allow tails in the gates to be
fully inserted, which minimizes the air losses. During the
operation, one gate is supported by the roller, while the other
is supported by the tail (except for combustion stroke, when
both gates are supported by the rollers.) The roller serves as a
seal.

If integrated Rotor (FIGS. 43A-43E) is used—the rotor
may utilize hydrodynamic bearings, which will double in
function as additional seals, thus eliminating the need of
bearing supporting the rotor.

Another variation is possible comprising gates that are
straight or are pivoting inside the rotating rotor. The basic
geometry of the engine is shown in FIGS. 6 A-6C and 8 A-8B.
The differences with the straight gate design are minor. The
gates pivot in an arc rather than slide. Operation of this engine
is analogues to that of the straight gate design and is shown in
FIGS. 9A-9C. In addition to variations described for straight
gate design, the variations to Pivoting Gate geometry might
include: gates that are be pivoted by flexural pivot bearings,
gates that are pivoted on the same pivot axes.

Another embodiment of the present invention includes a
rotor with two pivoting gates. This embodiment may incor-
porate a scavenging design. Scavenging may be accom-
plished in number of different ways, including the use of
scavenging gate designs. Other ways may include universal
methods, like the “air knife” concept that is applicable to most
embodiments.

The rotor with two pivoting gates embodiments imple-
menting a scavenging design has a cavity, formed by a hous-
ing, a cover, a rotor and pivoting gates, which undergo cycli-
cal transformation according to the afore provided
descriptions. This engine is shown in FIGS. 10A-10C. Gates
are pivoted into operating position by external cams (not
shown, but similar to those shown in FIGS. 12A-12G).). The
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cover is removed reviling and identifies the main components
of the engine which include: a housing (a cover plate, not
shown), a rotor, two pivoting gates, which simultaneously
serve as walls of the engine, a c-gate or compressor gate an
e-gate or expander gate. Two gates do not have to be the same
shape.

The rotor, in a course of its rotation, together with a hous-
ing, a cover and gates forms variable volume chambers, as
shown in FIGS. 9A-9C. The chambers formed include a com-
pression chamber (CmP), a combustion chamber (CbC), and
an expansion chamber (EpC). Note that not all of the cham-
bers will exists at the same time, as is evident from FIGS.
9A-9C. All chambers except the CbC have variable volumes.

Unlike previous Pivoted embodiment, there are no Intake
and Exhaust chambers and ports (though it is possible to have
them, if beneficial) and engine operates in “2-cycle” scav-
enged mode. In this case, even scavenging fan blowing the
fresh air charge is not necessary since scavenging chamber is
a wide open space.

Operation of this engine is analogous to straight gates and
Pivoted Gates embodiments. Variations of the invention are
shown in FIGS. 10A-10C where the gates are pivoted around
pivot points. An alternative arrangement has the side gates in
a sliding configuration. Appropriately mounted bearing
guides should be able to accept the side loads from high
pressure WM. Finally, a combination of slide and pivot could
be employed as well.

Altogether different variation of scavenging designs
involve locating the intake and Exhaust ports in close prox-
imity to each other, preferably in opposition to each other and
blowing the air through the intake port, thus creating an “Air
Knife”, which will act as a “wall” preventing a cross flow
from the exhaust chamber into an intake chamber. The Air
Knife will “drag” the exhaust gasses out of exhaust chamber.
This concept is shown in FIGS. 11A-11B and is applicable to
most of the embodiments that are discussed in this applica-
tion.

A rotor and pivoting connected gates embodiment is also
provided in accordance with an embodiment of the present
invention. This embodiment is similar to pivoting gates
design, except that the gates have the same pivot point and are
connected to each other, thus forming what appears to be one
gate with two ends that serve as e-gate and a c-gate. Geo-
metrically this represents a segment of a hollow cylinder.

The CbC is located inside of the hollow cylinder. This
limits the access to it from the top, but since it is possible to
access it from both sides, this should not represent the major
problem. The access is needed for fuel delivery and pressure/
temperature measurements inside of the CbC.

Operation of this engine is analogous to straight gates and
pivoted gates embodiments. The gate is driven in oscillatory
manner around the combustion chamber by a spring loaded
4-bar link mechanism, as shown in FIGS. 12A-12G, or by
symmetric 4-bar mechanism, which, in essence becomes a
desmodromic drive, or by any other suitable means.

There may be a number of variations of this very compact
design. If we allow the covers to be rigidly attached to the
Rotor and thus turn together with the Rotor, as will be
described in FIGS. 41A-41B, we can form groves within
these covers which will serve as cams to drive the gate. This
variation is especially great for HCHC, since no access to
CbC for fuel injectors is required. For HEHC operation, the
fuel injector could be located on the side of the engine—
perpendicular to Gate’s pivot axis.

Pivoted gates may be transformed into a completely rotary
gate, albeit turning with a non-uniform speed. The motion can
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be continuous or intermittent with short dwells during which
CV CbCisformed. Finally, the gate itself may serve as a CbC.

Another embodiment of the present invention provides an
engine with two rotors and two gates. The two rotors and two
gates embodiment is shown in FIG. 13. It consists of two
rotors, a c-rotor and an e-rotor; and two gates, a c-gate and an
e-gate, and the housing. Transfer channels, containing the
CbC connect the cavities formed by housing, rotors and gates.
Rotors are coupled mechanically via gears, chains or timing
belts. Covers, shafts, injectors, etc. are not shown for clarity.
For the sake of further discussion, we will call this embodi-
ment a “single deck”, which, basically, corresponds to a
single-cylinder engine.

Rotors are basically D-shaped; having a rather large con-
stant radius segment is essential for valving function of the
rotor, which will be described below. D-shape is here used to
indicate a mostly circular geometry with the straight cut seg-
ment removed from the circle. Corners are ro